ABSTRACT Two trials were conducted to determine the effects on broiler chicken performance and health of reducing dietary phosphorus levels by treating feed with the enzyme phytase, formulating diets using high available phosphorus (HAP) corn, or when diets were formulated with HAP corn and treated with phytase. Cobb × Cobb male broiler chickens were placed in an experimental design consisting of four dietary treatments with six replicate pens of 50 broilers per pen. The dietary treatments consisted of untreated control feed, phytase-supplemented feed (500 U/kg), diets prepared with HAP corn, and diets prepared with HAP corn and supplemented with phytase. The chickens were maintained on these dietary treatments from 1 to 49 d of age with feed and water made available for ad libitum consumption. When the two trials were combined, there was a significant (P ≤ 0.05) increase in body weight in the broilers fed the phytase treated diets at 49 d of age. The serum activity of alkaline phosphatase was significantly decreased in the diets supplemented with phytase, and serum cholesterol was significantly decreased in the diets prepared with HAP corn. These data indicate that total phosphorus can be reduced by at least 11% in diets prepared with HAP corn, or in diets supplemented with phytase, without affecting the performance or health of broiler chickens. When diets are prepared with HAP corn and supplemented with phytase, the dietary addition of total phosphorus can be reduced by at least 25% without affecting broiler chicken performance or health.
INTRODUCTION
Phosphorus loading of lands fertilized with poultry litter is a growing environmental concern. If the levels of inorganic phosphorus added to poultry diets to optimize growth and bone development could be reduced, the resulting levels of phosphorus in poultry litter would be lowered. Inorganic phosphorus must be added to poultry diets because most of the phosphorus present in cereal grains, such as corn and soybeans, is phytate phosphorus, which is not available to poultry. Phytase is a phosphatase that is capable of catalyzing the release of phosphorus from phytate. Unfortunately, monogastric animals do not possess phytase enzymes in quantities that would allow these animals to utilize phytate as a source of phosphorus. In the 1960s, a group of scientists working for International Minerals and Chemicals Corporation recognized that the need to supplement the diets of monogastric animals with inorganic phosphorus could be decreased if phytate phosphorus could be made available to animals by treating the grains with phytase. An excellent review of this early work and current research on phytase has been published by Wodzinski and Ullah (1996) . Nelson and coworkers (1968) demonstrated that the addition of the enzyme phytase to grains and feeds was an effective way to increase phosphorus availability to poultry. Since this original work, numerous reports have shown that phytate phosphorus present in cereal grains could be made available to both poultry and swine by treating the grains or supplementing the diets with the enzyme phytase, reducing the need to supplement these diets with inorganic phosphorus and decreasing phosphorus excretion (Nelson et al., 1971; Jongbloed and Kemme, 1990; Simons et al., 1990; Zhu et al., 1990; Beers and Jongbloed et al., 1992; Ketaren et al., 1993; Broz et al., 1994; Mroz et al., 1994; and Mitchell and Edwards, 1996a; Qian et al., 1996; Qian et al., 1997; Sebastian et al., 1996a,b; Biehl and Baker, 1997; Gordon and Roland, 1997) . The commercial development of phytase has provided the animal industry with a tool to decrease the need to supplement animal feeds with inorganic phosphorus, which will decrease phosphorus in animal manures, and consequently decrease phosphorus loading of agricultural lands. The recent development of a corn hybrid that is homozygous for the lpa1-1 gene (Raboy and Gerbasi, 1996) has enhanced phosphorus availability to animals due to its low phytate levels. This low phytic acid corn (HAP corn) provides the animal industry with another tool to decrease supplementation of animal diets with inorganic phosphorus. The objective of these studies were to determine the effects on broiler chicken production and health of decreasing inorganic phosphorus in diets supplemented with phytase, in diets formulated with high available phosphorus (HAP) corn, and in diets formulated with HAP corn and supplemented with phytase.
MATERIALS AND METHODS
Two separate trials were conducted in which broiler chicks (Cobb × Cobb) were fed four experimental diets from 1 to 49 d of age. The experimental design consisted of four dietary treatments with six replicate pens of 50 chicks. The chicks were maintained in floor pens with feed and water made available for ad libitum consumption. The experimental diets are presented in Tables 1, 2 , and 3, and were formulated to meet or exceed the requirements of broiler chickens as established by the NRC (1994). The feeding program consisted of a starter diet fed to the chicks from 1 to 21 d of age, followed by a grower diet fed from 21 to 42 d of age, and a finisher diet fed from 42 to 49 d of age. The four experimental diets consisted of a control diet, a diet supplemented with the enzyme phytase, 3 a diet formulated with HAP corn, and a diet formulated with HAP corn supplemented with phytase. Both normal and low phytate (HAP) corn were provided by Pioneer Hi-Bred International. 4 Nutrient composition values provided by the breeder were used to formulate diets containing nutrient levels comparable to commercial broiler diets (Tables 1,  2 , and 3). The normal corn was analyzed to contain 0.23% total, 0.03% nonphytate, and 0.20% phytate phosphorus, whereas the HAP corn was analyzed to contain 0.27% total, 0.17% nonphytate, and 0.10% phytate phosphorus. The two corns were similar in energy, crude protein, and amino acid content. Diets within each corn type were formulated to meet calcium and available phosphorus levels typical of commercial diets; a second set of diets within each corn type was formulated on the assumption that phytase supplementation of the diets would reduce the requirements for calcium and available phosphorus by 0.1% in each feeding period. The diets formulated to lower available phosphorus levels utilizing either normal or low phytate corn were mixed and then crumbled (starter diets) or pelleted (grower and finisher diets). After crumbling or pelleting, the diets were sprayed with sufficient phytase to provide 500 U/kg of phytase activity. The enzyme was mixed with a 10:1 ratio of water as a carrier just prior to spraying; diets without phytase enzyme were sprayed with the same amount of water. This procedure added 0.10% water to each diet. Dicalcium phosphate addition to the diet supplemented with phytase or formulated using low phytate corn was reduced approximately 28%, and in the diets formulated with HAP corn and supplemented with phytase dicalcium phosphate supplementation was reduced approximately 56%. Body weights and feed consumption were determined when the chicks were 21, 42, and 49 d of age. When the birds were 49 d of age, 15 birds per pen were identified by having body weights closest to the mean body weight of the pen. Five birds per pen were randomly selected from these identified birds and were bled by cardiac puncture. Whole blood was used to determine red blood cell counts, hematocrit, hemoglobin, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, white blood cell counts, and differential leucocyte counts using a model 3500 Cell-Dyn hematology analyzer 5 following the manufacturer's recommendations. Serum was collected and the clinical chemistry analysis of serum levels of calcium, phosphorus, uric acid, total protein, cholesterol, triglycerides, creatinine, and the enzyme activities of alkaline phosphatase, glutamyltransferase, and cholinesterase were measured using an automated clinical chemistry analyzer 6 following the manufacturer's procedures.
Five birds per pen were killed by cervical dislocation and left tibiae were removed, and stored at 6 C. The bones were thawed, the central diameter was measured, and breaking strength was determined using an Instron Model 4502 Shear Press 7 as described by Huff et al. (1996) . The bones were fat extracted in a soxhlet extractor for 16 h with ethanol, followed by 16 h with ethyl ether, and ashed at 750 C for 17 h. An additional five birds per pen were processed at the University of Arkansas processing plant and part weights were recorded for the wings, legs (drum and thigh), breast, abdominal fat, and rack. Parts yields were calculated as a percentage of eviscerated weight. Because there was no significant (P ≤ 0.05) effect of trial or trial by treatment interaction the data were combined for statistical analysis and ease of presentation. All data presented as percentages were arc sine transformed prior to statistical analysis. These data were analyzed as a 2 × 2 factorial arrangement of treatments. However, the intention of this work was to evaluate the reduction of phosphorus in the diets on the variables measured, therefore the data presented in this manuscript are combined data analyzed by ANOVA (Snedecor and Cochran, 1967) , using the General Linear Models procedure of SAS ® software (SAS Institute, 1988) . The conclusions reached using either method of statistical analysis were the same. Significant differences between treatments were separated using Duncan's multiple range test (Duncan, 1955) . All statements of significance are based on the probability level of 0.05.
RESULTS
The effect of these treatments on body weight and feed conversion at 21, 42, and 49 d of age are presented in Table 4 . There was no effect of these treatments on body weights at 21 and 42 d of age. At 49 d of age, birds on the diet supplemented with phytase had significantly increased body weight compared to those on the control diet. The increase in body weight at 49 d of age of birds on the diet supplemented with phytase represents a 4% increase over that of birds consuming the control diet. There was no significant effect of any of these treatments on feed conversion.
The effects of these treatments on the serum alkaline phosphatase activity and serum cholesterol are presented in Table 5 . The diet supplemented with phytase alone significantly decreased the serum alkaline phosphatase activity. The diet prepared with HAP corn alone significantly decreased serum cholesterol.
There were no significant or consistent treatment effects on parts yield, bone diameter, bone strength, or bone ash. There were no significant treatment effects on red blood cell counts, hematocrits, hemoglobin, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, leucocyte counts, or differential leucocyte counts. There were also no significant treatment effects on serum levels of calcium, phosphorus, uric acid, total protein, triglycerides, creatinine, or on the activity of the serum enzymes effect of high available phosphorus (HAP) corn, phytase, and their combination on body weight 1 at 21, 42 
DISCUSSION
The clinical chemistry and hematology data did not indicate any changes that would suggest that these diets affected the health of broiler chickens. The decrease in serum alkaline phosphatase associated with the diets supplemented with phytase might reflect the down regulation of this enzyme resulting from the increased availability of phosphorus. The ability of the HAP corn diets to decrease serum cholesterol was unexpected. However, there are reports that diets supplemented with phytate can lower serum levels of cholesterol (Jariwalla et al., 1990) . These authors suggested that phytate decreased serum cholesterol by affecting the zinc:copper ratio, as phytate is a strong chelator of divalent cations. Therefore, it is not understood why diets formulated with HAP corn would decrease serum cholesterol in broiler chickens unless there was an increase in availability of divalent cations such as sodium, zinc, and copper. Perhaps more likely, the ratio of these cations to each other may affect cholesterol absorption or metabolism.
These data clearly indicate that supplementation of poultry diets with dicalcium phosphate can be reduced by 27, 29, and 30% in broiler diets treated with phytase, reducing total phosphorus by 14, 15, and 16% in the starter, grower, and finisher diets, respectively, without affecting broiler chicken production and health. These data also demonstrate that dicalcium phosphate can be reduced by 24, 27, and 32% in broiler diets manufactured with HAP corn, reducing total phosphorus by 8, 10, and 13% in the starter, grower, and finisher diets, respectively, without affecting broiler chicken production or health. In fact, these data suggest that performance of broiler chickens may be increased in diets supplemented with phytase, which is generally consistent with previous work (Nelson et al., 1968; 1971; Simons et al., 1990; Zhu et al., 1990; Broz et al., 1994; Mitchell and Edwards, 1996a; Qian et al., 1996 Qian et al., , 1997 Sebastian et al., 1996a,b; Biehl and Baker, 1997; Gordon and Roland, 1997) . When both of these approaches are used and broiler diets manufactured with HAP corn are treated with phytase, supplementation of broiler diets with dicalcium phosphate can be reduced by 51, 56, and 62%, reducing total phosphorus by 23, 25, and 28% in the starter, grower, and finisher diets, respectively, without affecting broiler performance or health. Therefore, the use of supplemental phosphorus and consequent land application of phosphorus could be reduced by at least 55,000 tons/y, estimated with an annual broiler production of five billion birds, a market weight of 8 lb, and a feed conversion of 1.85. With these two dietary approaches to reduce the need to supplement poultry diets with inorganic phosphorus, coupled with other best management practices such as the treatment of poultry litter with alum to prevent phosphorus runoff of lands (Moore and Miller, 1994; Shreve et al., 1995) , the poultry industry should be able to significantly decrease the environmental consequences of the land application of poultry litter. the donation of the phytase enzyme used in these studies by the BASF Corporation, and the donation of HAP corn by Pioneer Hy-Bred International.
